Introduction
Ferulic acid, 3-(4-hydroxy-3-methoxyphenyl)acrylic acid (molecular structure shown in Scheme 1), is one of the effective components in many traditional Chinese medicines. It presents a wide spectrum of pharmacological activities, including anti-bacterial, anti-inflammatory, anti-tumor, anti-oxidant, anti-ultraviolet radiation, anti-free radical functions and regulation of human immune system and therefore plays indispensable roles in the prevention and treatment of diseases in public life. It is not only widely used in clinical field for treating coronary heart disease, cerebrovascular disease, angitis, leukocyte and thrombocyte reduction diseases, but also widely applied in health food, cosmetic and nutrition restoratives. 1, 2 Owing to its pharmacological importance, the development of simple and accurate methods for ferulic acid detection is desired. Several analytical methods including thin layer chromatography, 3 high-performance liquid chromatography, 4, 5 capillary electrophoresis 6 and spectrophotometry 7, 8 have been developed for the determination of ferulic acid in pharmaceutical formulations. However, the above mentioned methods suffer from certain pretreatment steps as well as time-consuming and complicated operations. Thus, a rapid, simple and accurate method with high sensitivity is expected to be established. Compared with those methods, electrochemical methods have attracted considerable attention for the determination of pharmaceuticals, dyes, insecticides, pesticides and inorganic ions due to their accuracy, sensitivity and low-cost. 9, 10 Carbon paste electrode (CPE), as a useful electrode material, is being used frequently in the voltammetric determination of organic compounds because of its easy preparation, wide potential window of -1.4 to +1.3 V vs. saturated calomel electrode (SCE). 11, 12 Moreover, in order to improve the electrochemical response of CPE, various chemically modified CPEs have been developed. Surfactants, with an amphiphilic character, have been widely used to change the electrical properties of the electrode/solution interface and thus improve the sensitivity and the selectivity in the field of electrochemistry. 13, 14 Our group has successfully employed surfactants for the analysis of some small biomolecules in previous work. Results indicate that surfactants exhibit high electrocatalytic activity and distinct enhancement effects on the electrochemical responses of analyzed objects. 15, 16 Didodecyldimethylammonium bromide (DDAB) is a kind of cationic double-chain surfactant, which can form an ordered bilayer film on the surface of a solid electrode and can selectively enhance the surface concentration of analytes. It is therefore widely used as a modifier for the determination of organic and inorganic compounds. For example, DDAB film-modified electrodes have been developed for electrochemical determination of nitrite in water samples and for simultaneous determination of various combinations of neurotransmitters and A simple and rapid method for the determination of ferulic acid in pharmaceutical formulations by didodecyldimethylammonium bromide (DDAB)/Nafion composite film-modified carbon paste electrode is presented. The electrochemical behavior of ferulic acid at the proposed electrode was investigated by cyclic voltammetry and a well-defined oxidation peak was observed at +0.44 V versus saturated calomel electrode in 0.1 M acetate buffer (pH 5.5) solutions. Some experimental parameters affecting the electrochemical response of the modified electrode were optimized. Under optimal conditions, the oxidation peak currents of ferulic acid increase linearly with the concentration of ferulic acid in the range from 2.0 × 10 -6 to 1.2 × 10 -4 M with a detection limit of 3.9 × 10 -7 M (S/N = 3). The proposed method was successfully applied to the determination of ferulic acid in pharmaceutical tablets. ascorbic acid. 17, 18 Moreover, because it is available for the immobilization of proteins and the facilitation of the direct electron transfer between redox proteins and electrodes, DDAB has also been used in the direct electrochemistry of redox proteins. For example, the hemoglobin-DDAB-modified power microelectrode has been fabricated for investigating the direct electrochemistry of protein. 19, 20 Nafion polymer is chemically and thermally inert, non-electroactive, and insoluble in water, thus, it is especially suitable for the preparation of modified electrodes. 21, 22 The combination of Nafion with DDAB can effectively avoid the leakage of surfactants and can improve the mechanical stability of the film modified electrode. To the best of our knowledge, DDAB-Nafion composite film has not been used to modify CPE directly for the electrochemical determination of ferulic acid.
In our previous research, the electrochemical behavior of ferulic acid has been investigated at a multi-wall carbon nanotubes-modified glassy carbon electrode (MWCNTs/GCE). 23 Although the MWCNTs/GCE exhibits high electrocatalytic activity to the redox of ferulic acid, the method needs pretreatment of GCE, which is time-consuming and troublesome. In this paper, a novel chemically modified electrode, DDAB/Nafion composite film-modified CPE (DDAB/Nafion/CPE), was developed for the determination of ferulic acid in pharmaceutical by cyclic voltammetry. The proposed method was applied to the determination of ferulic acid in pharmaceutical tablets.
Experimental

Reagents and solutions
Ferulic acid, DDAB, sodium dodecylsulfonate (SDS), Triton X-100, graphite powder and paraffin oil were obtained from Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China). Nafion (5% w/v solution in a mixture of water and lower aliphatic alcohols) was purchased from Aldrich. The stock standard solution of ferulic acid (1.0 × 10 -3 M) was prepared with doubly-distilled water and stored in a dark container until it was used. Acetate buffer solutions (0.1 M, pH 5.5) served as the supporting electrolyte. All the chemicals were of analytical grade and doubly-distilled water was used throughout the experiments.
Apparatus
Voltammetric experiments were performed on a CHI 842B electrochemical workstation (Shanghai, China) in a conventional three-electrode system. The prepared DDAB/Nafion/CPE was used as the working electrode, with a platinum wire and a SCE acting as the counter electrode and the reference electrode, respectively. All electrochemical experiments were carried out at room temperature.
Fabrication of DDAB/Nafion composite film-modified electrode
CPE was prepared by thoroughly hand-mixing graphite powder with paraffin oil at a ratio of 3.5:1 (w/w) in an agate mortar. The mixture was homogenized and then firmly packed into a glass tube (i.d. 3.0 mm) as a piston-driven CPE holder. The electric contact was established via a copper rod. Prior to use, the surface of CPE was smoothed on a piece of weighing paper.
Various concentrations of DDAB were mixed with 0.1% (w/v) Nafion solution and then sonicated for 30 min to form homogeneous DDAB-Nafion solutions. After that, 5 μL of DDAB-Nafion solution was dropped onto the surface of CPE and the solvent was evaporated under an infrared heat lamp to prepare DDAB/Nafion/CPE. To remove the DDAB weakly adsorbed onto the electrode surface, we activated the DDAB/Nafion/CPE by ten successive voltammetric cycles from -0.2 to +1.0 V in 0.1 M acetate buffer (pH 5.5) solutions with a scan rate of 100 mV/s until stable cyclic voltammograms were observed.
Before modification, the GCE was mechanically polished with 0.05 μm aluminum slurry, rinsed and sonicated (2 min) successively in 1:1 HNO3-H2O (v/v), ethanol and doubly-distilled water. DDAB/Nafion/GCE was prepared by the same procedure as above.
Sample preparation
Four sodium ferulate tablets (Chengdu Hengda Pharmaceutical Co. Ltd., China) were weighed for obtaining the average mass of each tablet, the material was then powered in a mortar. A portion equivalent to the amount about 0.094 g of one tablet was accurately weighted and transferred into a brown volumetric flask (100 mL), then the liquid was completed to the volume mark with doubly-distilled water. The solution was sonicated for ca. 30 min to complete dissolution.
Analytical procedure
The electrochemical experiments were performed in 0.1 M acetate buffer (pH 5.5) solutions containing different concentrations of ferulic acid. After accumulation of ferulic acid on the working electrode at open circuit for 30 s, cyclic voltammograms were recorded from 0 to +0.8 V at 100 mV/s. After each measurement, the working electrode was refreshed by successive voltammetric sweeps from 0 to +0.8 V in blank solutions.
Results and Discussion
Electrochemical behavior of ferulic acid at DDAB/Nafion/CPE
The electrochemical behavior of ferulic acid at different electrodes was investigated by cyclic voltammetry. The cyclic voltammograms of DDAB/Nafion/CPE and bare CPE in 0.1 M acetate buffer (pH 5.5) solutions with and without ferulic acid are shown in Fig. 1 . As can be seen in Fig. 1 , no redox peak was observed at both DDAB/Nafion/CPE and bare CPE in the absence of ferulic acid. When 0.1 mM ferulic acid was added into the buffer solutions, a weak and broad oxidation peak was observed at bare CPE. However, compared with bare CPE, a well-defined oxidation peak at +0.44 V was observed at DDAB/Nafion/CPE, and the oxidation peak potential was apparently lower than that observed at bare CPE. Furthermore, the oxidation peak current of ferulic acid obtained at DDAB/Nafion/CPE was much higher (ca. six times) than that of bare CPE, although the background current of the former was higher than the latter. These results provide clear evidence of the enhancement and the electrocatalytic effect of DDAB/Nafion/CPE, which may be attributed to the electrostatic interaction between ferulic acid and DDAB. The ferulic acid (pKa = 4.8) is ionized and negatively charged in pH 5.5 acetate buffer solutions. 24 The cationic surfactant, DDAB, can form a positively charged hydrophilic film on the surface of DDAB/Nafion/CPE. The positively charged hydrophilic layer at the electrode surface increases the concentration of ferulic acid on the electrode surface via electrostatic interaction, the overvoltage is reduced and the electron transfer rate is increased. The oxidation of ferulic acid is therefore facilitated by DDAB. The electrochemical behavior of ferulic acid at GCE and DDAB/Nafion/GCE was also investigated under the same conditions (not shown here). The results are similar to those obtained at CPE and DDAB/Nafion/CPE. However, the oxidation peak of ferulic acid obtained at DDAB/Nafion/GCE was much lower than that of DDAB/Nafion/CPE.
Effect of various surfactants on the oxidation of ferulic acid
The effect of different surfactants on the oxidation of ferulic acid was investigated. Cyclic voltammograms of 0.1 mM ferulic acid at CPEs modified by different surfactants in 0.1 M acetate buffer (pH 5.5) solutions are shown in Fig. 2 . No apparent oxidation peak was observed at anionic surfactant (SDS, curve a) and neutral surfactant (Triton X-100, curve b) modified CPE. On the contrary, a large and well-defined oxidation peak at +0.44 V was obtained at cationic surfactant (DDAB, curve c) modified CPE. These results show that cationic surfactants can effectively promote the oxidation of ferulic acid, which may be attributed to the electrostatic interaction between the positively charged DDAB and the ionized ferulic acid. Figure 3 shows that the concentration of DDAB has influence on the oxidation of ferulic acid. As shown in Fig. 3 , the oxidation peak current of ferulic acid rapidly increased with the increasing concentration of DDAB from 2 to 6 mM, and then the oxidation peak current reached a platform when DDAB concentration is over 6 -12 mM. On further increase in the concentration of DDAB, the peak current obviously decreased. Therefore, 6 mM DDAB was employed for the modification in the further experiments.
Effect of supporting electrolyte and pH
The electrochemical behavior of ferulic acid in a variety of supporting electrolytes, such as acetate buffer, citric acid-sodium citrate buffer, potassium acid phthalate buffer and phosphate buffer (pH 5.5), was investigated by cyclic voltammetry. The results indicate that an excellent oxidation response was obtained in 0.1 M acetate buffer solutions (not shown here). Therefore, 0.1 M acetate buffer solution was used as the supporting electrolyte. The influence of pH on the peak current and peak potential for the ferulic acid oxidation was also studied from 4.0 to 7.0. The results are shown in Fig. 4 . As can be seen in Fig. 4 , the oxidation peak potential (Ep) shifted negatively with the increase of pH, and obeyed the equation: Ep = 0.792 -0.061pH. This could be the consequence of deprotonation involved in the oxidation process which was facilitated at higher pH values. 25 It was also found that the oxidation peak current of ferulic acid increased sharply with increasing pH from 4.0 to 5.5, and then decreased greatly as pH increasing from 5.5 to 7.0. Thus, the acetate buffer solution at pH 5.5 was chosen as the supporting electrolyte for the determination of ferulic acid.
Effect of scan rate
The influence of scan rate on the electrochemical response of DDAB/Nafion/CPE to 0.1 mM ferulic acid was tested in 0.1 M acetate buffer (pH 5.5) solutions. The results, as shown in Fig. 5 , indicate that the oxidation peak current of ferulic acid increased linearly with the scan rate in the range of 20 -180 mV/s, obeying the following equation: Ip (μA) = 0.029ν (mV/s) + 3.22 (correlation coefficient, 0.9982), which indicate that the electrochemical oxidation of ferulic acid is an adsorption-controlled process. 26 The effect of accumulation time on the peak current of ferulic acid was also studied. The peak current increased obviously with increasing the accumulation time up to 30 s, whereas the peak current changed slowly with the accumulation time further increasing (not shown here), which results from the adsorption saturation at electrode surface. The longer the accumulation time, the more ferulic acid will be adsorbed on the surface of electrode, which is consistent with the characteristics of adsorption. 27 
Linear range, detection limit and repeatability
The cyclic voltammograms obtained at DDAB/Nafion/CPE in 0.1 M acetate buffer (pH 5.5) solutions under optimal conditions by successive additions of ferulic acid are shown in Fig. 6 . The oxidation peak currents (Ip) of ferulic acid increase linearly with the concentration from 2 × 10 -6 to 1.2 × 10 -4 M with a regression equation of Ip (μA) = 0.084C (μM) + 0.44 (correlation coefficient, 0.9986). The detection limit of ferulic acid is found to be 3.9 × 10 -7 M (S/N = 3). The repeatability was evaluated by detecting the cyclic voltammetric response to 1 × 10 -5 M ferulic acid in 0.1 M acetate buffer (pH 5.5) solutions. The relative standard deviation for nine replicate measurements was 0.67%, suggesting that the proposed electrode possesses excellent repeatability.
Interferences
The interference effect of some inorganic ions and organic compounds on the voltammetric response of 4.0 × 10 -5 M ferulic acid was studied. The results show that 500-fold excess of Na + , Mg 2+ , K + , Cu 2+ , NO3 -, SO4
2-, PO4 3- , 100-fold excess of tartaric acid, 50-fold excess of glucose and ascorbic acid did not interfere with the electrochemical signals of ferulic acid.
Determination of ferulic acid in pharmaceutical tablets
The proposed method was applied to the determination of ferulic acid in sodium ferulate tablets (label amount: 50 mg/tablet, Chengdu Hengda Pharmaceutical Co. Ltd., China). The sample solution (see Sample preparation) of 0.25 mL was transferred into a volumetric flask and diluted to 25 mL with 0.1 M acetate buffer (pH 5.5) solution. Then the above solution was transferred into an electrochemical cell and cyclic voltammetry was conducted as described earlier (see Analytical procedure). The results are illustrated in Table 1 . The recovery of ferulic acid was also investigated, and it was over the range from 94 to 103%. On the basis of these results, it is concluded that this newly developed method for the determination of ferulic acid is effective and feasible.
Conclusions
In this paper, voltammetric determination of ferulic acid using the DDAB/Nafion/CPE is presented, and the method is based on its oxidation at DDAB/Nafion/CPE. Owing to the presence of DDAB, the proposed electrode shows excellent enhancement effects and electrocatalytic activities to the oxidation of ferulic acid. Besides this, the proposed electrode exhibits distinct advantages of simple preparation, good reproducibility and surface renewal. The proposed method was successfully applied to the determination of ferulic acid in pharmaceutical tablets.
